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 This thesis contains two chapters; one dealing with long-term landscape evolution 
and late Quaternary ice sheet history along the western margin of the Greenland Ice Sheet 





Be measurements in glacial troughs. Both chapters were designed to 
improve our understanding of the glacial history of Greenland.  
 The objective of the first chapter was to investigate differences in the late 
Quaternary glacial history between two landscapes of differing characteristics along the 





suggest that surfaces surrounding the marine-terminating setting of Uummannaq have 
been continuously exposed for much of the latter Quaternary, and surfaces in the more 
terrestrial Sukkertoppen region were largely buried beneath non-erosive, cold-based ice 
during the same period. Results from the Uummannaq region are unique for many Arctic 
landscapes surrounding Baffin Bay. 
 The objective of the second chapter was to explore the isochron technique of 
Goehring et al., (2013) by testing the sensitivity of exposure durations to both the number
 ix 
of samples analyzed and their spatial distribution along a cross-trough transect. Results 
indicate that five or more samples evenly distributed along a cross-trough transect are 
adequate for this method, and that as few as three samples may provide accurate exposure 
duration estimates, particularly from lateral locations in a glacial trough.  
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CHAPTER 1. INTRODUCTION 
 
1.0 Foreword 
 This chapter summarizes the main body of this thesis, which consists of two 




Al in bedrock and blockfield slabs proximal to existing ice cap margins along 
the western coast of Greenland to answer questions about the long-term history of the 
Greenland Ice Sheet. Chapter 3 presents a sensitivity analysis of the Bayesian isochron 




Be from glacially sculpted bedrock surfaces. 
This chapter has already been published in Quaternary Geochronology (volume 29). 
Concluding remarks and future research directions are presented in Chapter 4. 
 
1.1 Introduction 
 The Arctic has warmed twice as rapidly as the rest of the globe over the past 
century (ACIA, 2004; IPCC, 2013), largely due to a strong positive response of the 
system to a major climate perturbation (Miller et al., 2010). The extent of sea ice is 
expected to continue to decline and glaciers, ice caps, and ice sheets are likely to 
experience accelerated melting, increasing the rate of sea-level rise as surface air 
temperatures continue to rise in the foreseeable future (Miller et al., 2010). Although
 2 
melting of the Greenland Ice Sheet (GIS) has the potential to raise sea level by ~7 m 
(Alley et al., 2005),local ice caps independent of the ice sheet are predicted to dominate 
sea-level rise this century (~0.8 m by 2100) (Meier et al., 2007; Pfeffer et al., 2008). 
Local ice caps are sensitive to small changes in climate, providing a more realistic 
assessment of ice response to current warming compared to the slower responding GIS. 
However, to date few studies exist on the glacial history of these local ice caps (e.g. 
Corbett et al., 2013; Lowell et al., 2013).  
 The use of cosmogenic nuclides has greatly improved our understanding of the 
extent and duration of past glacial cycles in Greenland, but gaps in our understanding 







C to better understand the timing of deglaciation as well as the configuration of past 







are produced by secondary cosmic ray bombardment of Si and O nuclei in silicates 
(Gosse and Phillips, 2001). Pairing the shorter-lived 
14
C (t1/2 = 5700 yr; Hippe and Lifton, 
2014) and 
26
Al (t1/2 = 705 kyr; Nishiizumi, 2004) with the longer-lived 
10
Be (t1/2 = 1.39 
Myr; Chmeleff et al., 2010; Korschinek et al., 2010) provides additional information 
about exposure durations, burial durations, and total histories of landscapes.  





to investigate Quaternary landscape evolution and ice sheet history of the Uummannaq 





Al, measurements of in situ cosmogenic 
10
Be paired with 
26
Al can provide 
information about the cumulative glacial history of a landscape (Bierman et al., 1999; 
Briner et al., 2014; Corbett et al., 2013; Granger and Muzikar, 2001). If a surface has 
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Be ratios will be 
determined by their production ratio (~6.75; Nishiizumi et al., 2007). Conversely, 
surfaces that have experienced burial durations by glacial ice > ~100 kyr will have ratios 
that are lower, due to more rapid radioactive decay of 
26
Al (Granger and Muzikar, 2001). 
These measurements can therefore be utilized to distinguish between landscapes that 
have been continuously exposed to sub-aerial weathering versus landscapes preserved 
beneath periodic cover by non-erosive, cold-based ice at least on ~100 kyr timescales or 
longer. We collected sixteen rock samples from the Uummannaq region in 2013 and ten 
rock samples from the Sukkertoppen Ice Cap region in 2014. The primary goal of this 
research was to understand the longer-term glacial history of the marine setting of 
Uummannaq compared with the land setting of the Sukkertoppen region (~400 km to the 
south) along the western margin of the GIS. 
 This thesis also presents a sensitivity analysis of the isochron approach of 
Goehring et al. (2013) for measurements of in situ cosmogenic 
14
C paired with 
10
Be for 
glacially sculpted bedrock surfaces (Chapter 3). The impetus for this research was to 
understand key locations within a glacial trough for sample collection, and the optimal 
number of samples required for the isochron approach of Goehring et al. (2013). Such 
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2.0 Abstract 
 Constraining the longer-term evolution/history of the Greenland Ice Sheet (GIS) 
is important for improving our understanding of ice sheet dynamics and landscape 




Al in 26 rock 
samples from two landscapes of differing character in Uummannaq and Sukkertoppen, 
western Greenland. The Uummannaq landscape is a marine-terminating setting, where 
the margin of the GIS terminates into a series of large fjords, while the Sukkertoppen 
landscape is a large terrestrial fringe outboard of the current land-terminating portion of 
the southwestern GIS margin (~200 km to east). We targeted landscapes for sampling 
with the potential to preserve old, relict surfaces adjacent to cold-based portions of 
contemporary ice caps. Paired isotope calculations on all samples yielded differing total 
histories between the two research areas. Many surfaces in the Uummannaq region have 
minimum exposure durations up to ca. 300 kyr, but with no detectable burial. Most 
sampled surfaces in the Sukkertoppen region, however, yield complex exposure histories, 
with minimum exposure durations up to ca. 100 kyr, minimum burial durations up to ca. 
400 kyr (minimum limiting total histories up to 500 kyr). These findings suggest that 
parts of the Uummannaq landscape have been continuously exposed throughout much of 
the late Quaternary, whereas high-elevation surfaces in the Sukkertoppen region were 
largely preserved beneath non-erosive, cold-based ice during the same period. Data from 
the Uummannaq region thus stand in contrast to other sites surrounding Baffin Bay. We 
hypothesize that surfaces in this region may have remained as nunataks above Last 
Glacial Maximum (LGM) Greenland ice due to large amounts of ice surface drawdown 
in the Uummannaq Ice Stream System (UISS). 
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2.1 Introduction 
 Our understanding of how the margin of the Greenland Ice Sheet (GIS) has 
responded to major climate perturbations since the end of the Last Glacial Maximum 
(LGM) has been greatly improved by the application of in situ cosmogenic nuclides. 
Recent studies have applied cosmogenic nuclides to reconstruct past maximum extents of 
the GIS (e.g., Carlson et al., 2014; Häkansson et al., 2007a,b; Kelley et al., 2012; Kelly et 
al., 2008; Levy et al., 2012; Möller et al., 2010; Winsor et al., 2014; Young et al., 2013), 
as well as ice thickness (e.g., Lane et al., 2014; Roberts et al., 2008; 2009; 2010; 2013), 
and retreat rates of the margin through the Holocene (e.g., Corbett et al., 2011; Hughes et 
al., 2012; Kelley et al., 2013; Larsen et al., 2013; Young et al., 2011a,b). However, few 
studies to date constrain the longer-term history of the GIS, providing the impetus for the 
present research.  
 A better understanding of the longer-term glacial history of landscapes outboard 
of the current GIS margin is also important for understanding Quaternary landscape 
development (Corbett et al., 2013). Recent studies from Arctic settings outside the 
current GIS margin have shown that upland surfaces are the product of multiple glacial-
interglacial cycles, evolving over hundreds of thousands of years by episodic burial by 
non-erosive, cold-based ice (Bierman et al., 1999; Corbett et al., 2013; Briner et al., 2014; 
Davis et al., 2006). For example, high-elevation surfaces of the Upernavik landscape, 
western Greenland, record likely burial by cold-based ice for ~250-700 kyr of the last 
~300-800 kyr (Corbett et al., 2013, recalculated using procedures described below). This 
suggests that these surfaces have been preserved by repeated burial by glacial ice with 
little to no erosion for ~75-80% of their total history (Corbett et al., 2013). Similar results 
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have also been found for high-elevation surfaces on Baffin Island, ~600 km to the west 
(e.g., Bierman et al., 1999). In contrast, two recent studies from the Uummannaq region, 
~200 km south of Upernavik, found no significant burial in two bedrock samples from 
high-elevation inter-fjord plateaus, yet old exposure durations of ~85 and 120 kyr 
(recalculated data from Lane et al., 2014 and Roberts et al., 2013, respectively). 
Comparisons of these two study areas suggest differences in the long-term glacial history 
between different settings along Greenland‟s western coastline. 
The Upernavik and Uummannaq regions contain examples of two different types 
of GIS margins. Upernavik is characterized by a large terrestrial fringe outboard of the 
current GIS margin (herein referred to as a land-terminating setting). On the other hand, 
Uummannaq is characteristic of a marine-terminating setting, where the margin of the 
GIS terminates into a series of large fjords. Understanding differences in the longer-term 
glacial history between land- and marine-terminating settings along the western margin 
of the GIS requires more detailed study.    





Al. In areas where ineffective glacial erosion has not reset the cosmogenic nuclide 
inventory, these paired data can be used to calculate cumulative exposure and burial 
durations in the late Quaternary, allowing inferences to be made about longer-term 
landscape evolution and glacial history (Bierman et al., 1999; Briner et al., 2006; Corbett 
et al., 2013; Gosse et al., 1995). This research compares the longer-term glacial history of 
the marine-terminating setting of Uummannaq with that of the land-terminating setting of 
the Sukkertoppen region (~400 km to the south) along the western margin of the GIS 






concentrations from the Uummannaq region (Figure 2.1B) and ten from the 
Sukkertoppen region (Figure 2.2C). We targeted cold-based portions of upland ice caps 
in these areas that are outside the western margin of the GIS (herein termed local ice 
caps), because cold-based ice bodies on relatively flat terrain expand by lateral accretion 
and thus are capable of preserving intact the landscapes that have existed through 
multiple glacial-interglacial cycles (Miller et al., 2013a; 2013b). 
 
2.2 Study Areas 
2.2.1 Uummannaq region 
  The Uummannaq region is located in central-west Greenland between ~70-72°N, 
~50-55°W, and has the largest concentration of glaciers and local ice caps outboard of the 
western margin of the GIS (Figure 2.1B). Our research area extends from the southern 
portion of the Nuussuaq Peninsula to the uplands surrounding the Uummannaq Fjord 
system. This high-relief area (> 2 km) is highly dissected by a series of fjords, which run 
generally from southeast to northwest (Roberts et al., 2013). During colder glacial 
periods, these fjords route ice streams from the GIS out onto the continental shelf 
(Roberts et al., 2013; Lane et al., 2014). Initial retreat from the outer shelf was underway 
by 14.8 cal. ka BP (Ó Cofaigh et al., 2013), reaching the inner fjords at Ubekendt by 11.4 
ka (Roberts et al., 2013). Cosmogenic nuclide ages suggest rapid deglaciation through the 
southern section of the Uummannaq fjord between ~12.4 and 11 ka, followed by a period 
of marginal stabilization before eastward retreat of the current margin between 9.3 and 
8.5 ka (Roberts et al., 2013). Currently, only fjord heads are occupied by marine-





Figure 2.1. A - Map of Greenland showing the study areas. B - the Uummannaq study 
region (marine-terminating setting). C - the Sukkertoppen study region (land-terminating 
setting). Major settlements and features are labeled. LGM ice stream systems in close 
proximity to our study areas indicated by dashed white lines. Maximum LGM extent on 
the outer shelf indicated by solid red lines. 
14
C ages from the outer shelf at Uummannaq 
provide a minimum age for ice deglaciation of 14.8 cal. ka BP (Ó Cofaigh et al., 2013). 
Note that the ice caps in our study areas are currently separate from the GIS, but were 
likely engulfed during GIS expansion. Ice caps are located on the relatively flat terrain of 
inter-fjord plateaus. Deep fjords are broadly oriented NW-SE in the Uummannaq region 
and NE-SW in the Sukkertoppen region (satellite image source: (a) Google Earth Pro – 
Google ©; Image © 2015 IBACO; Image © 2015 Landsat; Image © 2015 U.S. 





Inter-fjord plateaus in this area are occupied by local ice caps, ranging in 
elevation from 650-1300 m asl. Exposed surfaces are not glacially sculpted, and include 
weathered bedrock tors (Figure 2.2A), and autochthonous blockfield slabs with 
weathering pits of varying dimensions (Figures 2.2B). Contemporary ice caps are 
surrounded by light-colored, lichen-free surfaces, indicating retreat from their recent 
maximum extent (Figure 2.2C). The ongoing emergence of patterned ground and in situ 
dead vegetation (Figure 2.2D) from beneath receding ice margins confirm samples were 
collected from cold-based portions of local ice caps (e.g., Lowell et al., 2013; Miller et 
al., 2013b). The bedrock geology of the Uummannaq region is dominated by a 
Precambrian crystalline basement (primarily banded gneisses), overlain by Paleocene 
basaltic flows to the west of the region (Simon et al., 2013). A fault-bounded Cretaceous-
Tertiary sedimentary basin also overlies the center of the Uummannaq region (Roberts et 




Figure 2.2. Site photographs from the Uummannaq region. A – Sample 13-GROR-37 
from atop a bedrock tor above autochthonous blockfield ~5 m from current ice margin 
and ~3 m above surrounding surface (to right of photo frame). B – Weathering pits with 
dimensions ~1.0 x 0.5 m, and up to 0.1 m deep, on an in situ blockfield slab within 2 m 
of existing ice cap margin. 13-GROR-72 collected from quartz-vein on top of blockfield 
slab. Note sample bag for scale. C – Looking north from 13-GROR-45 sample site 
toward 13-GROR-46. Note the position of the sample next to the existing ice cap margin, 
the relatively recent maxima extent of the ice cap (dashed line), and the light-colored 
lichen free surface. D - Note at all sites the presence of dead vegetation adjacent to 
sample sites indicates the preservation of surfaces beneath non-erosive, cold-based ice.   
 
 
2.2.2 Sukkertoppen region 
 The Sukkertoppen region is located between ~65-66°N, ~50-52°W, ~400 km 
south of the Uummannaq region (Figure 2.1C). A large terrestrial fringe separates the 
coastline from the current GIS margin (~200 km to the east), much broader than that of 
Upernavik (Figure 2.1A). In this area we focused on surfaces exposed at the retreating 
margins of the two largest ice caps - the Sukkertoppen Ice Cap and the Qarajugtoq Ice 
Cap (both ~2000 km
2
) (Weidick et al., 1992; Kelly and Lowell, 2009). Ice caps in this 
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study area rest atop large, relatively flat plateaus that are dissected to the north by the 
Søndre Strømfjord and to the south by Søndre Idortoq; aligned northeast to southwest 
(Figure 2.1C) (Kelly and Lowell, 2009). The fjords route inland ice streams to the coast 
and out onto the continental shelf during expansion of the GIS during colder glacial 
periods (Robert et al., 2009; 2010). Initial ice retreat from the outer shelf in this area is 
poorly constrained to sometime between ~15-10 cal. ka BP (Funder and Hansen, 1996). 
Dated marine shells in the Sisimiut area (Figure 2.1C) suggest ice-free conditions on the 
outer coast after ~10.4 cal. ka BP, followed by slower retreat of the terrestrial based ice 
during the early Holocene (Roberts et al., 2009 and references therein).  
 Weathered bedrock tors (Figure 2.3A), and surfaces with weathering pits of 
varying dimensions dominate the landscape (Figures 2.3B and 2.3C). The ongoing 
emergence of in situ dead vegetation (Figure 2.4D) at our sample sites along retreating 
ice cap margins, confirm collection sites were from cold-based portions (e.g., Lowell et 
al., 2013; Miller et al., 2013b). Precambrian gneisses and granitic rocks dominate the 




Figure 2.3. Site photographs from the Sukkertoppen region. A - Sample 14-GROR-17 
from atop a highly weathered bedrock tor above the surrounding ice surface along the 
northern extent of the Sukkertoppen Ice Cap. B - Sample 14-GROR-15 from a small ice 
cap disconnected from the main Sukkertoppen Ice Cap. Note large weathering pits on the 
sampled surface. C - Sample 14-GROR-41 from a highly weathered bedrock nunatak. 
Note extensive weathering pits of varying size on the bedrock surface. Note person for 
scale in all sample photographs. D - At all sites the presence of dead vegetation adjacent 




2.3.1 Field sampling procedures 




Al measurements were collected from 
the Uummannaq region in 2013 and from the Sukkertoppen region in 2014. Bedrock and 
weathered blockfield (felsenmeer) slabs were sampled from surfaces adjacent to 
contemporary cold-based portions of local ice caps. We targeted these areas because they 
provide the greatest likelihood of having surfaces that may have existed through multiple 
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glacial-interglacial cycles. Our sampling strategy also involved collecting bedrock 
samples from high elevation summits and tors. Samples were collected with hammer and 
chisel in 2013, and with a battery-powered angle grinder and hammer and chisel in 2014. 
We sampled sub-horizontal surfaces, away from edges and corners. Latitude, longitude, 
elevation, surface dip and dip direction, and topographic shielding measurements were 
recorded at each site. Pertinent sample data are provided in Table 2.1. Site photographs 
for each sample are provided in Appendix A. 
 
2.3.2 Laboratory procedures 
 Samples were processed at the Purdue Rare Isotope Measurement (PRIME) 
Laboratory. Sample thicknesses were measured prior to crushing. Samples were crushed 
and sieved to separate the 250-500 μm size fraction. Quartz was isolated from this size 
fraction following standard procedures modified from Kohl and Nishiizumi (1992) 
(http://science.purdue.edu/primelab/labs/mineral-separation-lab/procedure.php). The 




Al carrier, and Be 
and Al were isolated using standard cation/anion exchange column procedures (Ochs and 
Ivy-Ochs, 1997). Hydroxides were calcined to BeO and Al2O3, mixed with Nb and Ag 
powders, respectively, and pressed into target holders for analysis by accelerator mass 




Be ratios were normalized to standard 
07KNSTD with a reported value of 2.85 x 10
-12
, using a 
10
Be half-life of 1.39 x 10
6
 yr 




Al ratios were measured relative 
to standard KNSTD prepared by Nishiizumi (2004), with a reported value of 4.694 x 10
-
12
, and a 
26
Al half-life of 7.05 x 10
5
 yr. The total number of atoms in process blanks was 
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subtracted from measured sample concentrations (Table 2.2). Important data for 
26
Al 
process blanks are summarized in Table 2.3. 
 
2.3.3 Monte Carlo modeling of exposure and burial durations 
 We considered both nuclides together to calculate the minimum total history since 
initial exposure, by solving the following paired equations using an approach modified 
from Bierman et al. (1999).  
 
 
     
   
   
[             ]            Eq. 2.1 
 
     
   
   
[             ]            Eq. 2.2 
 
 These equations were solved simultaneously to calculate the minimum total 
exposure duration (te) and minimum total burial duration (tb), consistent with the 
measured 
10
Be (NBe) and 
26
Al (NAl) concentrations (Table 2.2). Here, PBe and PAl are the 




Al, respectively. Site-specific production rates were determined by scaling a 
conservative sea level, high latitude (SLHL) global production rate for 
10






, 1σ; Borchers et al., 2015; Shakun et al., in press) with a 
corresponding 
26










Be production ratio of 6.75; Nishiizumi et al., 2007), to each site using the time-
dependent nuclide-specific scaling of Lifton et al. (2014) (LSD). The 
10
Be production rate 
is derived from pooled “primary” and “secondary” calibration site measurements used in 
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the CRONUS-Earth project (Borchers et al., 2015), which have been recalibrated using 
our code based on the CRONUS online calculator of Balco et al. (2008), as opposed to 
that of Borchers et al. (2015). We used our calibration code since it shares a common 
base with other codes used in this study, allowing for internally consistent calculations 
throughout our analysis. Although this production rate is essentially identical to the 
Arctic 
10




), we favor 
the former, as it is more representative of the state of our knowledge since it includes 
uncertainties due to site-specific factors, such as variations in atmospheric structure or 
geologic factors. 
 The paired equations were solved for each sample using the non-linear least 
squares algorithm (fsolve) in MATLAB
®
, and uncertainties estimated by a 1000 iteration 
Monte Carlo simulation (Balco et al., 2014). Minimum exposure and burial durations, 
and the uncertainties associated with each, were calculated as the arithmetic mean and 
standard deviation of the 1000 simulations. Reported uncertainties are measurement 
errors only. We do not consider production rate uncertainties here, as those affect all 
samples similarly and don‟t change the relationships among the results (e.g., Balco, 
2011). Summing exposure and burial durations derived minimum total histories, and 
associated uncertainties were solved quadratically. Samples with indeterminate burial 
durations are displayed as dashes in Table 2.2 (e.g., zero burial or negative burial 






























Central-west Greenland: Nuussuaq Peninsula 
13-GROR-36c 70.26325 -52.11523 1110 1.5 30.048 0.6075 1146.9±27.8 2.500±0.0180 1517.0±30.2 
13-GROR-37a 70.25188 -51.81264 1248 3.0 31.697 0.7620 2030.0±30.0 3.411±0.0175 2189.7±41.7 
13-GROR-39c 70.22749 -52.06298 1231 1.0 30.095 0.6499 2030.5±30.8 2.187±0.0239 3073.0±74.4 
13-GROR-45c 70.20472 -51.06896 938 2.0 30.354 0.6009 725.8±14.9 2.496±0.0224 892.1±21.8 
13-GROR-46b 70.21574 -51.07764 864 2.0 33.249 0.9294 404.8±13.1 0.507±0.0109 4197.6±213.7 
13-GROR-57c 70.35495 -51.49591 1360 2.0 30.051 0.6354 3879.3±61.1 2.337±0.0172 5389.1±76.3 
13-GROR-58c 70.34951 -51.24879 1051 5.0 30.095 0.6271 411.3±11.0 10.062±0.0558 132.7±7.4 
13-GROR-59c 70.35273 -51.23903 1026 5.0 30.047 0.5400 1171.7±38.9 10.237±0.0698 492.5±15.8 
13-GROR-61b 70.33316 -51.36342 1200 5.0 30.328 0.7567 1437.7±28.9 1.720±0.0068 3533.6±197.7 
13-GROR-63e 70.32828 -51.36302 1183 4.5 33.998 0.7777 396.5±6.9 2.498±0.0222 2327.5±49.8 
13-GROR-64b 70.32256 -51.36193 1147 2.0 30.112 0.9328 747.6±26.0 0.569±0.0098 6762.7±378.2 
13-GROR-65b 70.32146 -51.37557 1190 2.5 29.490 0.5557 394.4±15.7 0.434±0.0093 3085.3±103.8 
Central-west Greenland: Uummannaq Fjord 
13-GROR-69b 70.68753 -51.82554 1184 2.0 29.884 0.9192 1625.3±56.3 0.838±0.0133 10954.3±259.6 
13-GROR-70b 70.90289 -52.05151 1497 2.0 30.068 0.6697 11422.1±170 0.663±0.0101 62170.9±1948.2 
13-GROR-71a 71.00298 -51.69919 1404 2.0 30.239 0.7643 9940.0±120 3.543±0.0387 11511.0±138.4 
13-GROR-72a 70.97373 -51.42089 1208 2.0 29.727 0.7666 6170.0±110 3.900±0.0280 6068.2±104.2 
South-west Greenland: Sukkertoppen Ice Cap 
14-GROR-02d 65.69620 -51.38621 988 2.5 30.125 0.7725 154.4±3.5 2.897±0.0185 698.4±22.0 
14-GROR-03d 65.93228 -51.50253 1162 2.5 30.412 0.7751 305.2±6.4 2.969±0.0141 1552.4±36.7 
14-GROR-14d 66.29550 -52.60647 1406 2.5 30.734 0.7771 318.3±5.5 6.184±0.0438 923.8±41.7 
14-GROR-15d 66.29484 -52.60547 1399 3.0 30.750 0.7483 448.0±7.6 3.795±0.0190 1669.0±43.0 
14-GROR-16d 66.37012 -52.76334 1558 2.0 30.015 0.7748 1089.9±16.4 3.265±0.0265 4927.4±91.4 
14-GROR-17d 66.33124 -52.42447 1598 6.5 31.740 0.7726 539.1±8.1 3.001±0.0254 2320.6±47.9 
14-GROR-39e 65.95237 -51.01990 1545 4.0 30.056 0.7779 529.8±8.7 2.147±0.0271 3259.2±62.0 
14-GROR-40e 65.95242 -51.01829 1550 1.0 30.563 0.6982 559.2±12.9 2.481±0.0197 2627.0±131.7 
14-GROR-41e 65.97914 -51.07040 1613 4.0 31.069 0.7823 876.2±12.1 2.124±0.0210 5515.3±100.7 
14-GROR-43e 66.06223 -51.65926 1350 1.5 30.183 0.7797 524.4±8.9 2.407±0.0217 3888.0±248.4 
Notes: All shielding correction factors were 1.000 except for 13-GROR-37 (0.957), 13-GROR-58 (0.997), and 14-GROR-40 (0.999). Al blank data summarized in Table 2.3. All quoted 
uncertainties are at the 1σ level, unless otherwise stated. 
a 13-GROR-37, -71, -72 samples – Blank of 9.046 ± 2.586 x 104 at g-1 carrier (0.7674 g, 260 ppm Be Carrier (supplied by John Gosse, Dalhousie University), 6.30 ± 1.80 x 10-15 10Be/9Be) 
b 13-GROR-46, -61, -64, -65, -69, -70 samples - Blank of 4.599 ± 1.193 x 104 at g-1 carrier (0.8166 g, 260 ppm Be Gosse Carrier, 3.01 ± 0.78 x 10-15  10Be/9Be) 
c 13-GROR-36, -39, -45,  -57, -58, -59 samples - Blank of 6.716 ± 1.590 x 104 at g-1 carrier (0.4937 g, 260 ppm Be Gosse Carrier, 7.27 ± 1.72 x 10-15  10Be/9Be)  
d 14-GROR-02, -03, -14, -15, -16, -17 samples - Blank of 2.541 ± 1.137 x 104 at g-1 carrier (0.7713 g, 1041 ppm Be 2014.10.20-Be Carrier, 1.04 ± 0.38 x 10-15  10Be/9Be) 
e 13-GROR-63, 14-GROR-39, -40, -41, 43 samples - Blank of 5.605 ± 2.060 x 04 at g-1 carrier (0.7818 g, 1041 ppm Be 2014.10.20-Be Carrier, 0.47 ± 0.21 x 10-15  10Be/9Be) 










Al analytical and Monte Carlo exposure/burial results 
 Nuclide Concentrations Monte Carlo Modeling  
Sample 10Be 
(105 at g-1) 
26Al 
(106 at g-1) 






Central-west Greenland: Nuussuaq Peninsula 
13-GROR-36 4.316±0.138 2.814±0.056 6.50±0.22 36.7±2.3 - - 
13-GROR-37 9.102±0.163 5.259±0.100 5.78±0.15 83.3±3.6 270.3±55.8 353.6±55.9 
13-GROR-39 8.182±0.149 4.980±0.121 6.09±0.18 66.5±3.1 167.5±63.6 234.0±63.7 
13-GROR-45 2.666±0.062 1.634±0.041 6.10±0.21 28.8±1.6 185.8±73.2 214.6±73.2 
13-GROR-46 2.103±0.072 1.427±0.073 6.81±0.42 21.8±2.0 - -* 
13-GROR-57 15.32±0.286 9.350±0.132 6.11±0.14 113.0±4.7 - - 
13-GROR-58 1.581±0.046 0.987±0.056 6.25±0.39 15.8±1.4 - - 
13-GROR-59 5.935±0.144 3.741±0.120 6.30±0.25 60.0±3.6 - - 
13-GROR-61 6.697±0.151 4.472±0.250 6.67±0.40 56.7±4.3 - - 
13-GROR-63 6.293±0.127 3.814±0.083 6.05±0.18 57.4±2.7 189.8±61.2 247.2±61.2 
13-GROR-64 4.318±0.157 2.854±0.160 6.60±0.44 38.5±3.7 - - 
13-GROR-65 1.375±0.057 1.014±0.034 7.32±0.39 9.8±0.9 - - 
Central-west Greenland: Uummannaq Fjord 
13-GROR-69 9.338±0.338 6.856±0.163 7.34±0.32 67.1±5.3 - - 
13-GROR-70 47.758±0.856 30.604±0.959 6.43±0.23 300.3±14.4 - - 
13-GROR-71 46.977±0.737 30.101±0.362 6.40±0.13 323.0±11.2 - - 
13-GROR-72 29.740±0.609 17.769±0.305 5.99±0.16 260.7±12.7 - - 
South-west Greenland: Sukkertoppen 
14-GROR-02 2.747±0.068 1.488±0.050 5.44±0.23 32.2±2.0 440.3±87.1 472.5±87.1 
14-GROR-03 5.403±0.125 3.407±0.083 6.33±0.21 45.7±2.5 - - 
14-GROR-14 5.590±0.115 4.223±0.192 7.56±0.38 31.2±2.0 - - 
14-GROR-15 7.575±0.150 4.597±0.120 6.08±0.20 54.7±2.7 172.5±66.5 227.2±66.6 
14-GROR-16 19.56±0.035 11.61±0.216 5.92±0.15 125.2±5.2 192.5±52.0 317.7±52.2 
14-GROR-17 9.121±0.164 5.128±0.106 5.63±0.15 62.2±2.7 332.5±54.4 394.7±54.5 
14-GROR-39 9.520±0.183 5.192±0.100 5.45±0.15 70.4±3.1 404.2±56.2 474.6±56.3 
14-GROR-40 8.868±0.223 4.756±0.239 5.36±0.30 63.1±4.9 437.5±122.3 500.6±122.4 
14-GROR-41 15.328±0.261 8.411±0.154 5.50±0.14 105.7±4.3 336.5±51.7 442.2±51.9 
14-GROR-43 9.404±0.185 6.916±0.442 7.35±0.49 56.4±4.7 - - 
Notes: Process blanks subtracted from concentrations. All samples were corrected for topographic shielding and sample thickness. No corrections were applied for transient snow cover, surface 
erosion, or local isostatic rebound. Assumed rock density 2.7 g cm-3. Minimum exposure and burial durations, and the uncertainties associated with each, were calculated as the arithmetic mean and 
standard deviation of the 1000 simulations. Analytical uncertainties, excluding those on production rates, are propagated through all calculations. All quoted uncertainties are at the 1σ level, unless 
otherwise stated. Dashes represent samples with indeterminate burial durations (i.e., continuous exposure). These were removed from analysis of burial durations as they yielded zero burial or 









Al blank measurement data 
Blank ID Total Al (mg) 26Al/27Al (10-15) 26Al (105 at g-1) 
BLK10-10-13a,* 3.116 ± 0.012 0.000 ± 2.800 0.000 ± 0.195 
BLK08-08-14b,* - - - 
BLK09-08-14c 1.944 ± 0.018 2.190 ± 0.850 0.950 ± 0.369 
BLK22-12-14d 3.296 ± 0.022 6.623 ± 2.156 4.872 ± 1.587 
BLK26-12-14e 2.670 ± 0.021 1.579 ± 1.242 0.941 ± 0.740 
Notes: *pre-Gas Filled Magnet (GFM) detector installation at PRIME Lab. The GFM allows one to analyze an AlO- beam in the AMS 
instead of Al-. An AlO- beam typically has 5-10x the current of Al- but has an interfering isobar of MgO-. The GFM suppresses the 
MgO-, thus enabling routine measurement precision for 26Al on par with that of 10Be. 
a 13-GROR-37, -71, -72 samples 
b 13-GROR-46, -61, -64, -65, -69, -70 samples 
c 13-GROR-36, -39, -45,  -57, -58, -59 samples  
d 14-GROR-02, -03, -14, -15, -16, -17 samples  




 Minimum exposure/burial durations and minimum total histories are summarized 
in Table 2.2. Monte Carlo simulation results are displayed graphically in Appendix B. 
Minimum exposure/burial durations are displayed on composite satellite images for the 
Uummannaq and Sukkertoppen regions in Figures 2.4 and 2.5, respectively. Uncertainties 
on the Monte Carlo simulations are displayed at the 1σ level in Table 2.2 and on Figures 
2.4 and 2.5. Analytical results for the Uummannaq and Sukkertoppen regions are also 
displayed on a two-isotope plot in which each sample‟s concentration is normalized to its 
corresponding present-day site production rate (Figures 2.6 and 2.7, respectively). The 
horizontal and vertical axes thus each have units in years. Analytical uncertainties are 
plotted at the 2σ level. While analytical uncertainty at the 1σ level would generally be 
considered adequate, we argue that the 2σ level is more robust. We prefer this way of 
plotting the data instead of the more traditional „banana‟ plot (e.g., Corbett et al., 2013), 
as it is more straightforward, simplifying data visualization and interpretation (e.g., Balco 











Figure 2.4. Minimum exposure and burial duration estimates from Monte Carlo 
simulations for the Uummannaq region (black dots), showing sample locations relative to 
central-west Greenland (inset). IKE-17 and KA5 recalculated from Roberts et al., (2013) 
and Lane et al., (2014), respectively. Exposure and burial durations are shown as plain 
and italic text in each box, respectively. Exposure/burial durations calculated as the 
arithmetic mean and standard deviation of 1000 model simulations, shown here at the 1σ 
level. Samples with no burial duration displayed represent samples with nuclide 
abundances at or close to continuous exposure (i.e., zero burial) (satellite image source: 









2.4.1 Uummannaq region 




Al were made on sixteen samples 
from the Uummannaq region (Tables 2.1 and 2.2). Sample elevations ranged from 864 to 
1497 m asl. Measured concentrations tend to generally increase with elevation, but a one-
way analysis of variance (ANOVA) shows that this is relationship is not statistically 




Be ratios are close to the production 




Al concentrations are strongly correlated (r
2
 = 0.998; Figure 2.8).  
 The two-isotope plot for this region shows that all but four samples overlap with 
the continuous exposure line, within 2σ uncertainties  (Figure 2.6). Monte Carlo 
simulations yield minimum exposure durations between ca. 10 and ca. 300 kyr, and burial 
durations for the four samples that fall below the continuous exposure line between ca. 
160 and ca. 270 kyr - but with large uncertainties (Table 2.2; Appendix B). Combining 
exposure and burial durations yield minimum total histories between ca. 200 and ca. 350 
kyr (Table 2.2). 
 Results vary spatially in a complicated manner (Figure 2.4), but most exhibit no 
significant burial durations. Samples from inter-fjord plateaus in the Uummannaq fjord 
system have old exposure durations between ca. 60 and ca. 300 kyr, yet no detectable 
burial. In addition, the majority of samples along the Nuussuaq Peninsula have varying 
durations of exposure with no detectable burial, except for four samples located centrally 












Figure 2.5. Minimum exposure and burial duration estimates from Monte Carlo 
simulations for the Sukkertoppen region, showing sample locations relative to southwest 
Greenland (inset). Exposure and burial durations are shown as plain and italic text in each 
box, respectively (1σ). Exposure/burial durations are calculated as for the Uummannaq 













Al two-isotope plot for the Uummannaq region (A). We use a split 
axis to display the full detail of samples over the observed range of ages (B and C). 
Analytical results are normalized to its corresponding present-day site production rate. 
The horizontal and vertical axes thus each have units in years. Analytical uncertainties 
are plotted at the 2σ level Analytical uncertainties are shown as 2σ error bars. Error bars 
not visible are smaller than the marker size. Solid black line represents continuous 
exposure; solid blue line represents steady-state erosion; solid gray lines represent burial 
durations. Note most samples plot along or within 2σ of the continuous exposure line 
(black dots) except four samples that plot below in the area of significant burial (gray 








2.4.2 Sukkertoppen region 
 The ten samples collected from the Sukkertoppen region have nuclide 
concentrations that yield minimum exposure durations between ca. 30 and ca. 125 kyr 
(Table 2.2; Figure 2.5). As with the Uummannaq samples, measured concentrations 
generally increase with altitude (range from 988 to 1612 m asl), but the relationship is not 





concentrations for the Sukkertoppen samples are strongly correlated (r
2
 = 0.952; Figure 




Be ratios are 
less than the production ratio (6.75) for the samples (Figure 2.9).   
 The two-isotope plot for this region is shown in Figure 2.7. At the 2σ level, the 
majority of the samples plot below the line of continuous exposure and/or steady-state 
erosion; their nuclide abundances can be explained by varying durations of burial after 
initial surface exposure. Monte Carlo results for these seven samples yield burial duration 
estimates between ca. 170 and ca. 400 kyr, but with large uncertainties (Table 2.2). Total 























Al two-isotope plot for the Sukkertoppen region. Analytical 
uncertainties are shown as 2σ error bars. Error bars not visible are smaller than the 
marker size. Solid black line represents continuous exposure; solid blue line represents 
steady-state erosion; solid gray lines represent burial durations. Note most samples plot 
below the continuous exposure line in the area of significant burial (gray dots), and only 
three samples have concentrations consistent with continuous exposure (black dots) at the 













Al concentrations for all samples from the 
Uummannaq region. Analytical uncertainties at the 1σ level shown. The gray dashed line 
represents the Be:Al production ratio (1:6.75). Note that most samples overlap with the 
production ratio, within 2σ uncertainty.  
 
 




Al concentrations for all samples from the 
Sukkertoppen region. Analytical uncertainties at the 1σ level shown. The gray dashed 
line represents the Be:Al production ratio (1:6.75). Note that most samples plot below the 








 Results from this study suggest that the late Quaternary glacial history of land-
terminating settings may be different than those of marine-terminating settings along the 
western margin of the GIS. Most of our data from the land-terminating Sukkertoppen 
region are consistent with the interpretation that this landscape has been buried for long 
durations by cold-based ice that performed little to no erosion (e.g., Corbett et al., 2013). 
In contrast, the majority of the dataset from the marine-terminating Uummannaq region 
indicates long exposure durations with little to no burial - consistent with an 
interpretation that those surfaces have been apparently continuously exposed through 
much of the late Quaternary. This finding from the Uummannaq region is unique so far in 
Arctic settings, and contrasts with other sites studied to date surrounding Baffin Bay 
(e.g., Corbett et al, 2013; Bierman et al., 1999).  
 To illustrate this, we plot our data on a two-isotope plot against available paired 
measurements from western Greenland for Uummannaq (Roberts et al., 2013; Lane et al., 
2014) and Upernavik (Corbett et al., 2013), and from eastern Baffin Island (Bierman et 
al., 1999) (Figure 2.10). For consistency, we only consider bedrock samples at elevations 
> 600 m asl, and have recalculated all results with our model. The apparent continuous 
exposure of samples from the marine-terminating setting of Uummannaq is clearly 
distinct from the burial-dominated landscape history for samples from high-elevation 
land-terminating settings surrounding Baffin Bay. Although most samples from the 
Uummannaq region have nuclide concentrations consistent with an interpretation of 







possibility of burial by cold-based ice for durations of thousands to tens-of-thousands of 
years (Balco et al., 2014). 
 Reconstructions of the Uummannaq Ice Stream profile at the LGM (Roberts et al., 
2013; Lane et al., 2014), coupled with our findings here, suggest the possibility that high-
elevation surfaces in the Uummannaq region may have remained as nunataks above the 
GIS profile for much of the late Quaternary. If true, we speculate that the mechanism for 
preserving these nunataks may be major ice surface drawdown in the Uummannaq Ice 
Stream System (UISS). Conceivably this could occur when major fjord glaciers draining 
the GIS encounter a marked reduction in basal shear stress at the land/marine transition. 
Curiously, our findings also indicate that sites emerging today from local ice caps 
escaped significant burial by the GIS during glacial periods. We speculate that this may 
reflect differences in precipitation patterns on inter-fjord plateaus in the Uummannaq 
area, between major glacial periods and the Little Ice Age. It is also possible that these 
sites may have been buried beneath glacial ice that was not sufficiently thick to block 
cosmogenic nuclide production (e.g., on the order of 50-100 m). Application of in situ 
14



























Al two-isotope plots for available data from areas surrounding Baffin 
Bay (including samples presented here). Analytical uncertainties at the 1σ level shown. 
Error bars not visible are smaller than the marker size. Samples from the Uummannaq 
area are unique in this combined dataset; consistent with an interpretation of continuous 
















 Our results from the high-altitude portions of the Sukkertoppen region suggest 
that parts of this land-terminating terrain have been preserved through much of the late 
Quaternary. Burial dominates the landscape history there; samples exhibit a mean burial-
to-total-history ratio of 0.79 ± 0.11 (1σ). This is comparable to the findings of Corbett et 
al. (2013) in Upernavik, ~600 km to the north, in a similar land-terminating setting; the 
Upernavik samples yield a mean ratio of burial to total history of 0.76 ± 0.08 (1σ). 
However, on average, high-elevation surfaces from Upernavik have longer minimum 
exposure durations, burial durations, and total histories than the sampled surfaces in 
Sukkertoppen (recalculated from Corbett et al., 2013). In contrast, total histories on 
Baffin Island (~600 km to the west) are almost twice those of the Upernavik and 
Sukkertoppen regions (~1 Myr) (recalculated from Bierman et al., 1999). Still, the 
Bierman et al. (1999) samples indicate a mean ratio of burial to total history of 0.87 ± 
0.02 (1σ) – generally consistent with the western Greenland land-terminating burial 
fraction results. Our data further support the suggestion of Corbett et al. (2013) that the 
value of ~0.8 for burial/total history represents the fraction of time during late Quaternary 
glacial-interglacial cycles characterized by expanded ice volume around Baffin Bay.   
 Continued research on the samples presented here will utilize in situ cosmogenic 
14
C to resolve burial on shorter time scales (e.g., LGM or Holocene) – allowing us to 
further explore questions surrounding the notion of contemporary ice loss in Greenland 











 We present a detailed history of the marine-terminating Uummannaq and land-
terminating Sukkertoppen landscapes along the western margin of the GIS. Paired 




Al) from these two landscape types yielded 
contrasting histories for the late Quaternary in Monte Carlo exposure and burial 
calculations. Surfaces in the marine-terminating the Uummannaq region exhibit total 
minimum histories consistent with nearly continuous exposure, perhaps with some burial 
beneath ice cover thin enough to allow continued significant cosmogenic nuclide 
production through multiple glacial-interglacial cycles. This suggests that surfaces in this 
region may have remained as nunataks during glacial cycles, perhaps due to significant 





Al concentrations consistent with preservation under non-
erosive, cold-based ice through much of the late Quaternary. Here, despite repeated 
glacial cover, these surfaces may have remained practically unchanged for hundreds of 
thousands of years.  
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HOW MANY AND FROM WHERE? ASSESSING THE SENSITIVITY OF 
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 We present a sensitivity analysis of the isochron approach of Goehring et al. 




Be from glacially sculpted bedrock 
surfaces. This analysis tests how sensitive the resulting exposure durations from this 
technique are to both the number of samples analyzed and their locations along a glacial 
trough transect, using a dataset from Goehring et al. (2011) as a test case. A simple 
equally weighted combinatorial approach was employed to (1) generate non-repetitive 
combinations of n subsets of samples arranged from the ten possible samples (where 
n<10), and (2) estimate the exposure duration and uncertainty for each set of simulations. 
Results from the Goehring et al. (2011) data indicate that five samples evenly distributed 
along a transect parallel to the ice margin are the minimum number of samples required 
for this method, while eight or more samples provide an optimal combination of accuracy 




Be measurements from other polished bedrock troughs at glacial margins, but need 
further experimental confirmation. 
 
3.1 Introduction 
 Cosmogenic nuclides have been widely applied in glacial geology to further our 
understanding of the extent and duration of past glacial cycles. Recent studies have 
applied in situ cosmogenic 
14
C paired with 
10
Be from proglacial bedrock surfaces and 
blockfields as a means of unraveling complex glacial behavior during the Holocene 
(Miller et al., 2006; Goehring et al., 2011; Briner et al., 2014). For example, Goehring et 











at the margin of the Rhone Glacier, Switzerland, to determine the duration for which the 
glacier was either smaller or larger than its present day extent. They showed that during 
the Holocene, the Rhone Glacier was smaller for 6.5±2.0 kyr and larger for 4.5±2.0 kyr 
than the current ice extent (Goehring et al., 2011). 
 More recently, Goehring et al. (2013) adopted a Bayesian isochron approach that 
considered all samples in the Goehring et al. (2011) data set simultaneously and explicitly 




Be measurements. By 
fitting an isochron with Bayesian techniques, the authors reported average exposure and 
burial durations (6.4 and 4.7 ka, respectively), but with much smaller uncertainties (0.4 
kyr vs. 2.0 kyr).  
 The major assumption underlying the Bayesian approach is that all samples along 
a transect parallel to the ice margin experienced the same exposure and burial history, 
and thus no 
10
Be was inherited from previous exposure, for example during the previous 
interglacial period. To justify this assumption, Goehring et al. (2011) used multi-isotope 




Be ages, indicating that bedrock 
surfaces were “reset” with respect to their cosmogenic nuclide inventory during the last 




Be ratios further confirmed that all samples experienced 
the same exposure and burial history (Goehring et al., 2011, suppl.). 
 We explore the isochron technique of Goehring et al. (2013) further by testing 
how sensitive the resulting exposure durations are to both the number of samples 
analyzed and their spatial distribution along a transect, using the Goehring et al. (2011) 
data as a test case. Resampling in this manner is important for evaluating sample 







advantages and disadvantages of a given sampling strategy. Results of this analysis 
indicate key locations within a glacial trough for sample collection, and the optimal 
number of samples required for the isochron approach of Goehring et al. (2013). Such 
results can then be used to guide planning for future studies. 
 
3.2 Methods 
 For consistency, we utilize the mathematical approach of Goehring et al. (2013; 




Be data presented in 
Goehring et al. (2011) as a test bed (Table 3.1). The Bayesian isochron approach treats all 
samples in a dataset simultaneously, applying equal weighting to each sample, to 
calculate their common exposure duration, whereas the methods in Goehring et al. (2011) 
treated each sample individually and subsequently averaged results for the entire dataset.  
 Assumptions regarding the initial exposure duration of the site (T0 = 11 kyr) and 
the range of allowable exposure durations, as well as the prior probabilities for the beta 





production follow Goehring et al. (2013).  
 Sample RHO-5 was excluded from our analysis, as 
14
C concentrations were below 
reliable detection limits (Goehring et al., 2014). Sea-level high-latitude (SLHL) 






Be (Balco et al., 2009) 






C (Dugan et al., 2008; Lifton et al., 2001, and Miller et 
al., 2006). Surface production by muons is calculated following Heisinger et al., 
(2002a,b) and Balco et al. (2008). Scaling from SLHL was calculated using the model of 







corrected for topographic shielding and sample thickness; no corrections were applied for 
transient snow cover (Goehring et al., 2011). 
 A simple equally weighted combinatorial approach was employed in MATLAB
® 
to (1) generate non-repetitive combinations of n subsets of samples arranged from the ten 
possible samples (where n<10), and (2) estimate the exposure duration and uncertainty 
from each set of sample combinations; calculated as the arithmetic mean and standard 
deviation of all simulations. We then investigated the dependence of the exposure 
duration on the spatial distribution of samples along a transect parallel to the ice margin. 
We explored three potential scenarios; (1) evenly distributed samples from the center of 
the trough to a lateral margin, (2) clustered samples at or near the center of the trough, 
and (3) clustered samples at or near the lateral margin. Although a fourth scenario in 
which samples were evenly distributed across the entire width of a glacial trough would 






Be concentrations and ratios for the Rhone Glacier, Switzerland. 
Sample Elevation (m a.s.l) 10Be (104 at g-1) 14C (104 at g-1) 14C/10Be ratio 
RHO-1 2220 2.81 ± 0.06 6.98 ± 2.01 2.51 ± 0.43 
RHO-2 2227 3.55 ± 0.08 6.69 ± 2.42 1.91 ± 0.48 
RHO-3 2230 5.10 ± 0.53 10.62 ± 2.17 2.10 ± 0.35 
RHO-4 2244 11.21 ± 0.40 20.36 ± 2.25 1.82 ± 0.15 
RHO-5* 2211 0.25 ± 0.02 1.68 ± 1.30 6.63 ± 4.97 
RHO-6 2211 5.99 ± 0.11 7.49 ± 1.24 1.25 ± 0.22 
RHO-7 2224 5.48 ± 0.11 7.69 ± 1.24 1.40 ± 0.23 
RHO-8 2241 9.36 ± 0.18 12.06 ± 1.24 1.29 ± 0.13 
RHO-9 2259 9.83 ± 0.19 13.18 ± 1.28 1.34 ± 0.13 
RHO-10 2308 11.00 ± 0.21 15.12 ± 1.24 1.37 ± 0.12 
RHO-11 2294 13.00 ± 0.29 18.43 ± 1.66 1.42 ± 0.10 
Notes: Concentrations corrected for background, topographic shielding and sample thickness; no corrections were applied for transient 
snow cover. All uncertainties reported as 1σ. Modified from Goehring et al. (2011) supplemental material; see publication for full 
information. 










3.3 Results from the Rhone Glacier, Switzerland 
 Figure 3.1 shows histograms of the resulting exposure durations for n sample 
subsets; the mean and standard deviation for each subset are shown. Histograms show the 
relatively narrow distribution of possible exposure durations, even for n = 3, with 
estimated exposure durations for all n subsets agreeing within 1σ of the exposure 
duration for all ten samples and using the full dataset (n = 10) as a baseline for 
comparison (te = 6.3 ± 0.4 kyr). Our analysis also shows that, regardless of the number of 
samples analyzed, the majority of iterations yielded results within 1σ of the reference 
value when all samples are included, and almost all iterations yield results within 2σ 
(Figure 3.2). Resultant precision improves as n increases, yet analyzing more than eight 
samples has only minor improvements to resulting precision; indicating that n ≥ 8 is the 
optimum number of samples for this method and dataset. 
 Based on these findings, we explored the spatial distribution of samples along a 
cross-trough transect and its influence on the resulting exposure duration (Figure 3.3). 
The glacial trough profiles in Figure 3.3 are idealized, used only to demonstrate different 
spatial distributions along a given transect. We evaluated a number of different 
combinations of samples, but present only one representative distribution of each 
combination, as the results are relatively insensitive to different sample combinations of 
the same spatial distribution. Again, we use the exposure duration for all ten samples as a 
baseline for comparison (te = 6.3 ± 0.4 kyr) to assess the adequacy of the results from our 
spatially distributed sample analysis. Results within 1σ of the exposure duration for all 
ten samples are considered to be the best estimate, while results outside of 1σ of the 







would generally be considered adequate, we argue that acceptance or rejection of the 




Figure 3.1. Histograms of exposure durations estimated from model simulations for n 
samples. Arithmetic mean and standard deviation of the distributions shown for 
reference. The histograms show a narrow distribution of possible exposure durations, 
with accuracy and precision improving as sample size increases. Also note that exposure 
duration for all n subsets agree within 1σ with the exposure duration for all ten samples 







 The clusters of three samples at or near the center of the trough underestimate the 
exposure duration of the site, with large uncertainties (4.6 ± 1.6 kyr and 5.9 ± 0.6 kyr), 
while three samples evenly distributed across the trough provides a better estimate of 
exposure duration, although again with a large uncertainty (6.8 ± 0.8 kyr). Interestingly, 
three samples clustered at or near the lateral margin of the trough provide the best 
estimate of the exposure duration with this subset, with a lower uncertainty (6.3 ± 0.5 





Be concentrations. To confirm this, we arbitrarily changed the precision on the 
14
C 
measurements by up to a factor of five (from ca. 7% to ca. 36% measurement 
uncertainty), resulting in larger uncertainties on the exposure duration (1.1 kyr). 
Comparably, improving the precision (e.g., from 24 to 12%) for the center of trough 
samples improved the exposure duration uncertainty significantly (0.6 kyr). Similar to 
above, clusters of four samples at the center of the trough underestimate the exposure 
duration of the site, with large uncertainties (4.2 ± 1.2 kyr), while clusters that exclude 
the center of the trough provide a more reasonable estimate of the exposure duration (6.3 









Figure 3.2. Histogram of the fraction of iterations for n samples that yield exposure 
durations greater than or less than 1σ and 2σ of te for n = 10 (6.3 ± 0.4 kyr; top); and 
produce uncertainties greater than 0.4 kyr (1σ) and 0.8 kyr (2σ; bottom). Regardless of 
sample size, the majority of iterations yield results within 1σ of n = 10 (6.3 ± 0.4 kyr), 
and almost all iterations yield results within 2σ (6.3 ± 0.8 kyr). 
 
 Although three or four samples appear to provide an adequate estimate of the 
exposure duration in some scenarios, we expanded our analysis to explore the spatial 
distribution for n = 5 samples to better constrain how the spatial distribution of samples 
influences the resulting exposure duration. Whether clustered at or near the center of the 
trough (6.2 ± 0.7 kyr), the lateral extent (6.3 ± 0.5 kyr), or distributed evenly across the 
trough half-width (6.3 ± 0.5 kyr), five samples provide a better estimate of the exposure 







(Figure 3.3), due to integrating over a broader range of erosion depths and hence nuclide 




Figure 3.3. Spatially distributed exposure duration estimates and standard 
deviation (1σ) for (a) three samples, (b) four samples, and (c) five samples shown 
on an idealized glacial trough profile. These profiles are idealized, used only to 
demonstrate different spatial distributions along a transect. We explored other 
combinations of samples, but present only one representative combination for each 
spatial distribution. Three or four samples appear to provide an adequate estimate 
of exposure duration in some scenarios, but are lacking in others. Five samples 








 Goehring et al. (2013) demonstrated that Bayesian isochron methods improve 





glacially sculpted bedrock troughs. By testing how sensitive the resulting exposure 
durations from this technique are to both the number of samples analyzed and their 
locations along a glacial trough transect, we have further demonstrated the strength of 
this approach. 
 Our findings show that the Bayesian approach of Goehring et al. (2013) is robust 
when sampling captures the full distribution of nuclide concentrations along a cross-
trough transect (Figure 3.3). Incorporating a broader range of erosion depths and hence 
nuclide concentrations, resulting in improved exposure duration estimates and associated 
uncertainty. We also see that the isochron approach is robust when sampling captures 
only a narrow distribution of nuclide concentrations at the lateral margin of the trough. 
Samples limited to this location provide adequate results for the exposure duration of the 
site, even for as few as three or four samples, due to lower measurement uncertainties on 




Be concentrations. This means that the isochron approach 
of Goehring et al. (2013) could be applied, with reasonable precision and accuracy, to 
glacial troughs where polished bedrock surfaces are limited to valley walls due to, for 
example, debris mantling of the trough center. 
 Samples limited to the proximity of the trough center yield mean exposure 
durations that are much shorter, with higher uncertainties, than those using all ten 
samples, or samples collected from the lateral limits of the trough (Figure 3.3). We 







erosion rates than the flanks, causing samples from the trough center to have lower 
concentrations closer to detection limits and with larger measurement uncertainties. If 
taken alone, it is possible that these samples are not accurate enough to quantify the 
exposure and burial history of this site. Alternatively, it is feasible, that the shorter 
exposure durations at the trough center are a result of a longer, thin ice cover in the center 
of the valley when the lateral, higher elevation bedrock was already ice-free simply as a 
result of the parabolic form of the Rhone Glacier ice front. 
 Given our results from randomly selected samples and those where the location 
within a glacial trough is considered, we are able to make reliable suggestions on the 
minimum and optimum number of samples required for this method. We suggest that a 
minimum of five samples is required to accurately characterize the exposure duration of 
proglacial bedrock surfaces when using the isochron approach for paired measurements 




Be. Ideally, samples will be evenly distributed from the 
center of the glacial trough to its lateral margin to capture the full distribution of changes 
in nuclide concentrations as a result of varying glacial erosion depths (Goehring et al., 
2011). We emphasize that although our findings show that five samples are adequate for 
this method, when and where possible, additional samples will increase both the accuracy 
and precision of the resulting exposure duration (Figure 3.3). For example, we see from 
Figure 2 that eight or more samples provide an optimal combination of accuracy and 
precision when the Bayesian approach is applied to this dataset. The findings presented 




Be measurements from other 
polished bedrock troughs at glacial margins, but further experiments are needed to 












Be isochron approach 
of Goehring et al. (2013). Evaluating the number of samples required to accurately 
characterize cumulative exposure durations with the Goehring et al. (2011) dataset, and 
the dependence of the resulting exposure duration on the spatial distribution of samples 
along a transect parallel to the ice margin, indicates that five or more samples evenly 
distributed along a cross-trough transect are adequate for this method. Our results also 
suggest that in some landscapes as few as three samples may provide accurate results, 
particularly from lateral locations in a glacial trough. These findings should be applicable 




Be measurements from other polished bedrock troughs at glacial 
margins, but need further experimental confirmation. 
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 This chapter summarizes continued and future research, based on the findings 
presented in this thesis. 
 
4.1 In situ cosmogenic 
14
C dating 
 The research presented in this thesis is part of an ongoing collaborative effort 
investigating Arctic sensitivity to climate perturbations, and a millennial perspective on 
current warming derived from shrinking ice caps. Continued research will utilize in situ 
cosmogenic 
14
C dating to further investigate the complex exposure/burial histories of the 






C enables us to investigate exposure and burial histories during the past ca. 20 ka 
(Goehring et al., 2013). This dating technique will provide an essential test to address the 
question of weather current warming exceeds that of any century in the Holocene (Miller 
et al., 2013). In situ 
14
C will also enable better quantification of complex Holocene ice-








4.2 Glacial history of Sermeq avangnardleq  
 Based on the findings of Beel et al., 2015 (Chapter 3), we collected six bedrock 
samples from polished surfaces along a transect parallel to the ice margin of Sermeq 




Be dating (Figure 4.1). Sermeq avangnardleq (meaning 
northern glacier) is a small, land-terminating outlet glacier of the Greenland Ice Sheet, 
located in the Uummannaq fjord region of western Greenland. Aerial photographs 
indicate that the terminus has retreated ~500 m since 1953, a rate of ~8 m yr
-1
. Beryllium-
10 dating followed the methods outlined in Chapter 2. Sample information and 
10
Be 
results are presented in Table 4.1. Figure 4.2 shows the 
10
Be ages relative to their position 
along this transect, and sample photos are shown in Figure 4.3. Continued research will 
measure in situ 
14
C in these samples to enable estimates of cumulative exposure/burial 
duration, as well as erosion rates. This research will also be used to provide validation of 






Table 4.1. Sample information and 
10
Be results 

















(at g-1 yr-1) 
Apparent 10Be Age  
(yr) 
13-GRSA-02d 71.01947 -50.89607 85 2.0 0.9843 30.059 0.6506 16.87±2.000 4598±970 927±196 
13-GRSA-03c 71.01849 -50.89501 49 3.0 0.9525 101.228 0.7658 10.47±1.391 1430±198 284±42 
13-GRSA-04a 71.01814 -50.89338 103 5.0 0.9783 80.819 0.7675 79.00±6.000 12918±1122 2705±235 
13-GRSA-05b 71.01771 -50.88993 117 1.0 0.9713 85.443 0.7442 271.3±9.062 43843±1544 8818±310 
13-GRSA-07a 71.01607 -50.89183 146 3.0 0.9615 80.403 0.7679 263.0±13.00 45871±2392 9374±489 
13-GRSA-08b 71.01501 -50.89157 223 5.0 0.9595 31.105 0.7540 129.9±4.250 56994±2026 10674±450 
Notes: Concentrations corrected for sample thickness and topographic shielding and background. No correction for surface erosion, transient snow-cover or 
isostatic rebound. Assumed rock density 2.7 g cm-3. Analytical uncertainties propagated through calculations, all uncertainties reported at 1σ level. Be apparent 
exposure ages calculated using a modified version of the MATLAB® code for CRONUS-Earth online calculator (Balco et al., 2008), using a SLHL 10Be production rate 
of 4.0 ± 0.38 10Be at g-1 yr-1. SLHL production rates were scaled to each site using the time-dependent nuclide-specific scaling of Lifton et al. (2014) (LSD). 10Be 
isotope ratios normalized to 10Be standard 07KNSTD prepared by Nishiizumi et al. (2007) with a value of 2.85 x 10-12, using a 10Be half-life of 1.39 x 106 yr.  
a 13-GRSA-04, -07 - Blank of 90456.53 ± 25860.55 at g-1 carrier (0.7674g, 280 ppm Gosse Carrier, 6.30 ± 1.80 x 10-15 9Be/10Be) used for background correction 
b 13-GRSA-05, -08 – Blank of 31545.27 ± 7043.98 at g-1 carrier (0.7598g, 280 ppm Gosse Carrier, 2.22 ± 0.50 x 10-15 9Be/10Be) used for background correction 
c 13-GRSA-03 – Blank of 5276.12 ± 1324.74 at g-1 carrier (0.7690, 280 ppm Gosse Carrier, 0.37 ± 0.09 x 10-15 9Be/10Be) used for background correction 














Figure 4.1. Sermeq avangnardleq (northern glacier), west Greenland (inset). The position of the outer recessional moraine was 
determined from 1953 air photographs (credit: Anders Bjørk), inner recessional moraine and LIA trimline mapped from current 










Be results for samples along a cross-trough transect, Sermeq avangnardleq, 
west Greenland. Uncertainties reported at 1σ level. Photograph looking up-glacier, taken 








Figure 4.3. Sample photographs. Facing up-glacier, A) sample 13-GRSA-02 on a 
recently exposed Roche moutonnée; B) Sample 13-GRSA-03 from a glacially polished 
bedrock high; C) Sample 13-GRSA-04 from glacially polished bedrock; D) Sample 13-
GRSA-05 from a glacially polished bedrock high; and E) Sample 13-GRSA-07 from a 
glacially polished bedrock high. F) looking across glacier at LIA trimline, sample 13-
GRSA-08 from outside of LIA maxima. Note extensive lichen coverage of the surface 
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Appendix A.  Site Photographs 
 
Figure A1. Site photographs from the Uummannaq region, central-west Greenland. A – 
Sample 13-GROR-36 from a Pleistocene till boulder ~30 m from the current ice cap 
margin. B – Sample 13-GROR-37 from atop a highly weathered bedrock tor ~3 m above 
surrounding autochthonous blockfield and  ~5 m from current ice margin. C – Sample 
13-GROR-39 from an in situ autochthonous blockfield slab ~0.5 m above surrounding 
surface. D – Sample 13-GROR-45 from a quartz vein in summit bedrock ~50 m from 
current ice margin. E - Sample 13-GROR-46 from bedrock ~1.5 m from ice margin and 
~1 m above ice surface. F – Sample 13-GROR-57 from an autochthonous blockfield slab 








Figure A2. Site photographs from the Uummannaq region, central-west Greenland. A – 
Sample 13-GROR-58 from a quartz vein in bedrock of a nunatak. Sampled surface ~1 m 
from ice margin and ~0.3 m above ice surface. B – Sample 13-GROR-59 from quartz 
vein outside of LIA trimline. Note the dense lichen cover of this surface, compared to the 
light-colored, lichen-free nunatak where sample 13-GROR-58 was collected in the 
background. C – Sample 13-GROR-61 from quartz vein in bedrock ~2 m from current 
ice margin. D – Sample 13-GROR-63 from quartz „blob‟ in bedrock ~500 m outboard of 
ice margin and sample 13-GROR-61. E – Sample 13-GROR-64 from quartz „blob‟ in 
bedrock ~500 m outboard of sample 13-GROR-63. F – Sample 13-GROR-65 from a 








Figure A3. Site photographs from the Uummannaq region, central-west Greenland. A – 
Sample 13-GROR-69 from a quartz „blob‟ atop of a lichen-covered autochthonous 
blockfield slab. B – Sample 13-GROR-70 from a autochthonous blockfield slab, 
surrounded by frost boils and dead vegetation. C – Sample 13-GROR-71 from highly 
weathered autochthonous blockfield slab. Note the weathering pits of varying dimensions 
on the surface of the slab. D – Sample 13-GROR-72 from a quartz vein atop 
autochthonous blockfield slab. Note weathering pits of varying dimension on the surface 




















Figure A4. Site photographs from the Sukkertoppen region, southwest Greenland. A – 
Sample 14-GROR-02 from a highly weathered, glacially molded bedrock nunatak with 
irregular surface topography. B – Sample 14-GROR-03 from a weathered, glacially 
molded bedrock nunatak. Note that although bedrock is glacially molded, no signs of 
glacial polish or striations were evident. C – Sample 14-GROR-14 from atop a deeply 
weathered autochthonous slab. D – Sample 14-GROR-15 from a deeply weathered 
bedrock nunatak. Note weathering pits of varying dimension located to the right of the 























Figure A5. Site photographs from the Sukkertoppen region, southwest Greenland. A – 
Sample 14-GROR-16 from a bedrock tor above surrounding blockfield. Note the large 
weathering pit in the foreground of the photo (~0.23 m in diameter x 0.15 m deep). 
Sample bag for scale. B – Sample 14-GROR-17 from atop of a highly weathered bedrock 
tor. C – Sample 14-GROR-39 from extensive lichen covered bedrock nunatak, likely 
outside of the LIA limit. D – Sample 14-GROR-40 from a molded bedrock nunatak. Note 
that although bedrock is glacially molded, no signs of glacial polish or striations were 
evident. E – Sample 14-GROR-41from deeply weathered bedrock nunatak, indicated by 
weathering pits of varying dimension (up to 0.6 m in diameter x 0.2 m deep). F – Sample 







Appendix B. Monte Carlo simulation results 
 
 
Figure B1. Exposure durations calculated from Monte Carlo simulations for all samples from the Uummannaq region. Arithmetic 







Figure B2. Burial durations calculated from Monte Carlo simulations for all samples from the Uummannaq region. Arithmetic 
mean and standard deviation of the 1000 simulations shown for reference (1σ). Note that the majority of samples yield 






   
Figure B3. Exposure durations calculated from Monte Carlo simulations for all samples from the Sukkertoppen region. Arithmetic 








Figure B4. Burial durations calculated from Monte Carlo simulations for all samples from the Sukkertoppen region. Arithmetic 
mean and standard deviation of the 1000 simulations shown for reference (1σ). Note two samples yield indeterminate burial 
durations (e.g., zero burial or negative burial durations), consistent with apparently continuous exposure.  
